NPS ARCHIVE 
1959 

HOUSE, E. 










library 

D.S. NAVAL POSTGRADUATE SCHOO! 
MON. - - i. CsN ORN1A 



PRECISION X-RAY STRESS ANALYSIS OF 



URANIUM AND ZIRCONIUM 
by 

Edward C . House 

B, S. , University of Kansas 
(1953) 

and 

Bruce J. Wooden 

B. S. , U. S. Naval Academy 
(1954) 



Submitted to the Department of Naval Architecture and Marine 
Engineering on 25 May 1959 in partial fulfillment of the require- 
ments for the Master of Science degree in Naval Architecture and 
Marine Engineering and the Professional degree, Naval Engineer. 



Signature of Authors 
Department of Naval 
Architecture and 
Marine Engineering 



Certified by 



Thesis Supervisor 



Accepted by 



Chairman, Department Committee 
on Graduate Students 



;J - h r 
■O'Ji ' 




ABSTRACT 
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ABSTRACT 



The feasibility of using x-ray diffraction methods to measure re- 
sidual stresses in uranium and zirconium (Zircalloy-2) was investigated. 

A precision method was developed for the determination of diffraction 
peak positions and the precision associated therewith. The statistical 
tables of Fisher and Yates were used to determine what order polynomial 
provided the best least squares fit within the known precision of the 
observed data. It was found that a second order polynomial provided an 
adequate regression. With the aid of a desk calculator, less than five 
minutes' calculation time is required to determine the peak position to 
a precision of + 0.01°. 

A General Electric XRD-3 Diffraction Unit was used in this investi- 
gation. The standard two-exposure method was employed in all stress 
measurements with the oblique position taken at 45° . Cobalt, copper, 
and chromium radiations were investigated in determining the best high- 
angle lines to be employed. The stress constants were determined using 
annealed specimens of uranium and Zircalloy-2 stressed in bending. The 
stress was measured with two strain gages placed one on either side of 
the irradiated area. 

The stress constant for uranium was determined to be 1308 + 110 
psi/0.01° shift in A 2 © for copper radiation on the (116) planes at 
20= ,158.3°. The stress constant for Zircalloy-2 was determined to be 
430 + 1 psi/0.01° shift in A 2 © for chromium radiation on the (10.4) 
planes at 26 = 156.4°. 

The surface stress distribution adjacent to the butt weld of two 
flat plates of Zircalloy-2 was measured. It was found that the weld 
produced a significant effect upon the stress distribution adjacent to 
the weld. 

It is concluded that the expected precision as determined by 
statistical analysis can be attained using the method developed herein. 

It is recommended that a round robin specimen be sent to several stress 
analysis laboratories to fully verify this fact and to establish confi- 
dence in this method of residual stress measurement. 
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I. INTRODUCTION 



Since the work of Lester and Aborn (1) in 1926, the use of x-ray 
diffraction techniques to determine residual stresses has been consider- 
ed feasible ■ — at least from the theoretical point of view. Bragg's law 
as pertaining to diffraction of x-rays from a crystal may be stated as: 



A is the wavelength of the radiation 

d is the spacing between atomic planes in the crystal 

© is the angle of incidence between the x-ray beam and 
the atomic plane. 

For plane stress as in the surface of a stressed specimen, classi- 
cal theory of elasticity predicts that:'*’ 



d 1+u sin 2 V ' ' 

<£d is the difference in the lattice spacing of the (hkl) 
planes parallel to the surface and at an angle V to 
the surface normal 
C is the stress 

E is the modulus of elasticity 
u is Poisson's ratio 

Combining the above two equations: 



nA = 2 d sin 0 



( 1 ) 



where 



n is an integer 




(K) (A©) 



(3) 



where K is the stress constant 



1 



For complete derivation see (2) 
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Equation (3) indicates that the stress in the surface of a speci- 
men is directly proportional to the difference between the peak position 
values of © as observed in the normal and oblique observations , The 
direction of this stress is defined by the intersection of the plane 
containing the x-ray beam in the two observations with the surface of 
the material, 

A great deal of work has been done in the past few years investi- 
gating mechanical failure of materials - — particularly in attempting to 
correlate the material strength and fatigue endurance to the physical 
and metallurgical characteristics of a material, Most investigators 
(3), (4), (5) believe the residual surface stresses to be an important 
parameter in this regard. 

Several methods have been devised to measure residual stresses. 

Of these, only the x-ray diffraction method is non-destructive. Another 
advantage is that only the stresses in the very surface fibres are 
measured as compared to the integrating effect of the various mechanical 
dissection techniques (6) . However, the x-ray diffraction method has 
never become a generally accepted method of stress determination (6) be- 
cause of the lack of precision in the reported results. 

It is the firm belief of the authors that the method itself is 
quite reliable, , It is rather the improper experimental approach to the 
problem by most investigators which has caused the difficulty. Since 
precision of the order of 0,01° is desired in measuring diffraction peak 
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positions , one must be extremely careful in the experimental procedure 
and, more important, in the treatment of the observed data. Precision 
is a mathematically defined concept (7) and one often overlooked or 
merely estimated roughly in research as well as in engineering work. 
With the exception of Ogilvie's method of least squares determination 
of the diffraction peak position (8) , there is no evidence of an 
approach sufficiently careful to warrant the expected and assumed pre- 
cision. It is little wonder that there has been a lack of precision 
and accuracy in the results reported using x-ray diffraction methods. 

When dealing with statistical data, one must apply the well es- 
tablished principles of statistics in order to obtain the maximum 
correct information from the observed data. The observed counting 
rate of diffracted x-rays is definitely statistical in nature as was 
verified by application of the Chi-squared test to a set of observed 
data. In experimental design it is appropriate to have the statistical 
precision limitations of the same order of magnitude or less than the 
inherent errors in the apparatus. 
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II, PROCEDURE 

A precision method of diffraction peak position determination was 
developed. The regression method by orthagonal polynomials (9), (10), 

(11) was applied to observed intensity data across the diffraction peaks 
chosen for subsequent stress evaluation, 65,536 counts were observed 
at each of seven equally spaced values of angle across the peak. Use of 
the Fisher and Yates tables (11) provides a quick method for determin- 
ing the order of polynomial which should be fitted to best approximate 
the observed data c ^ The criteria for fitting is the least squares fit 
which results in a mean square deviation of the same value as the 
variance of the observed data. It was found that a second order polynom- 

4 

ial was the appropriate function to be used. The direct method of peak 
determination as recommended by Ogilvie (8) was developed in terms of 
the orthagonal polynomials. This method in conjunction with the Fisher 
and Yates tables greatly simplifies this calculation for any number of 
points (up to 75 points). Once the peak has been “counted,™ less than 
five minutes’ calculation time is required by this method to determine 
the diffraction peak position from seven points. This least-squares 
method was used throughout this work. 

Uranium and Zircalloy-2 specimens were irradiated with x-radiation 
from cobalt, copper, and chromium in order to determine the appropriate 

2 Section C of Appendix, 

3 Section C of Appendix, 

4 Section C of Appendix, 



